Abstract: Two kinds of hyperbranched polymers, star-shaped poly(ethylene oxide) and poly(2-ethyl-2-oxazoline)-bound polyamidoamine dendrimer, were immobilized on polyurethane (PU) films using photoreactive azidophenyl groups. Immobilization of the hyperbranched polymers was verified by ATR FT-IR observations and contact angle measurements. Using photoreactive molecules, this study shows a unique method to modify polymer films without functional groups easily through immobilization of other polymers on the film surface. PU surfaces modified with immobilized hyperbranched polymer showed significantly reduced platelet adhesion, i.e. increased blood compatibility, as measured via UV spectrometry and scanning electron microscopy.
Introduction
Thin polymeric layer formation on a substrate is a very important technique in biomimetic technology and nanotechnology, since it offers many applications, e.g. as biosensor [1, 2] , protein-resistant biosurface [3] , bioactive surface [4, 5] , display device [6, 7] , in chromatography [8] , etc. Thin polymeric layers can be produced through plasma polymerization, chemical grafting, and the LB method. Plasma polymerization in particular produces a uniform and extremely thin polymer layer [9] . The plasma generates several activated chemical groups which initiate chain propagation and branching, thus producing a highly cross-linked and dense layer. Conversely, chemical grafting is used for polymeric surfaces with functional groups [10] . Although the LB method yields ultrathin films which are highly ordered at a molecular level on substrates, the mechanical stability of the formed molecular layer leaves a lot to be desired [11] .
Polyurethane (PU) is applied in blood contact processes due to its excellent mechanical and blood compatibility properties [12] . Its inherent blood compatibility, however, cannot guarantee a more widespread application in medical processes despite the design of advanced biomaterials and several clinical usages. Thus, several attempts have been made in the past few decades to improve the blood compatibility of polymeric materials through surface modification [13] [14] [15] . The introduction of hydrophilic polymer chains on the material surface forms a hydrated dynamic layer which suppresses protein absorption and platelet adhesion at the blood-material interface. Nevertheless, it is still difficult to regulate the length of polymer grafts in a hydrated layer through graft polymerization, and obtain a homogeneous and dense layer through chemical immobilization.
In this study we sought to prepare a thin polymeric layer using surface-fixed photoreactive molecules. Since direct irradiation causes photoreactive molecules to form a covalent bond on the interface between particle and substrate, any polymer surface can be modified to a monolayer-like and stable thin layer without the need for chemical functionalization. In addition, using a hyperbranched nano-particle with regulated molecular weight and shape produces a well-defined immobilized thin layer in nano-scale. The study used photochemical immobilization of hyperbranched nanoparticles on the PU film to form well-structured thin layers. Blood compatibilities were then evaluated using scanning electron microscopy and UV spectroscopy.
Experimental part

Hyperbranched nano-particle preparation
Two kinds of hyperbranched nano-particles were used: the star-shaped poly(ethylene oxide) (starPEO) and linear-type poly(2-ethyl-2-oxazoline)-bound poly(amidoamine) (PAMAM) dendrimer (DPOZ). StarPEO (molecular weight MW = 560 000, f = 60 arms, [MW f ] = 9 600) was obtained from Aldrich, while DPOZ was synthesized via reaction of the terminal N-hydroxysuccinimide of poly(2-ethyl-2-oxazolin) (POZ-NHS) with the amine groups of PAMAM [16] . POZ-NHS (MW = 1 100 000 evaluated using 1 H NMR) was produced following Scheme 1.
Scheme 1:
POZ-NHS was combined with the amine-terminated PAMAM (generation 4, containing 64 surface amine groups, Aldrich) in dimethyl sulfoxide solution, and allowed to stand at 50°C for 24 h. The product was then dialyzed for another 24 h in deionized distilled water (MW cut-off = 6 000 000) (Scheme 2). The molecular weight of DPOZ (≈ 48 000 000) was determined using gel-permeation chromatography (standard: four kinds of Starburst ® PAMAM dendrimers having known numberaverage molecular weights, 1429, 3256, 6909, 14215, availble from Aldrich). Results indicate the reaction of about 50% of amine groups of the dendrimer surface with POZ-NHS.
Scheme 2:
A separate 5x5-cm PU film containing photoreactive azidophenyl (Az) groups was prepared for the immobilization of hyperbranched nano-particles ( Fig. 1) . A 1.0-mL acetonitrile solution containing starPEO and DPOZ was cast on the PU-Az film and dried under N 2 atmosphere in a dark place overnight. The film was then irradiated with 8-Watt UV light (λ max = 264 nm) for 20 min and washed with distilled water in the ultrasonicator for an hour.
Surface characterization
Surfaces of treated films were characterized using Fourier Transform-Infrared (FT-IR) spectroscopy (6030 Galaxy Series, Mattson Inst.; 64 scans of signal with an average resolution of 4 cm -1 ), ATR spectra for a KRS-5 prism (incident angle = 45°), and water contact-angle measurement.
Blood compatibility tests
Blood samples taken from a healthy dog were kept at 22°C prior to platelet separation. The immobilized 5x5-cm PU film was placed in a 5-mL syringe and immersed in a 3.0-mL phosphate buffer saline (PBS) (pH 7.4) at 37°C for 2 h. The syringe was then filled with 0.5 mL of platelet-rich plasma (PRP) solution containing 5 · 10 4 platelets/mL, and incubated at 37°C for an hour. After incubation, the sample was gently rinsed with PBS to remove the non-adhering platelets. The adhering platelets were fixed by immersion into 1% glutaraldehyde solution at 4°C for an hour. These samples were freeze-dried and observed using a scanning electron microscope (SEM, JSM-840, JOEL).
The number of adhering platelets in immobilized PU films was estimated through quantitative enzymatic analysis (lactate dehydrogenase assay) [18] . The immobilized PU films were immersed in 1.0-mL PBS buffer containing 0.5 mL of 1% Triton X-100 to dissolve the adhering platelets. 0.5 mL Pyruvic acid and 0.5 mL 0.18-mM NADH were added. The solution was then allowed to stand at 37°C for an hour. LDH absorption was then measured at 280 nm through UV spectroscopy. 
Results and discussion
Wettability changes were observed after modifications were effected on the PU film surface. Wettability was slightly lower with the hydrophobic azidophenyl groups (78 ± 2°) than of the unmodified PU film (74 ± 3°). On the other hand, after immobilization of hydrophilic hyperbranched nano-particles, wettability significantly increased in PUstarPEO (39 ± 2°) and PU-DPOZ (49 ± 4°). These results indicate the introduction of hydrophilic hyperbranched polymers on the PU film surface.
Likewise, ATR FT-IR measurements of the modified PU films verified polymer modification. After the glow-discharge treatment, new bands appeared at 1852 and 1782 cm -1 , which were ascribed to asymmetric and symmetric anhydride C=O stretching of succinic anhydride, respectively. The band at 1728 cm -1 was due to the C=O stretching of carboxyl groups which, in turn, were due to the ring-opening reactions of maleic anhydride on the surface. On the other hand, after the azidophenyl group treatment, new bands appeared at 2116 and 1509 cm -1 which were ascribed to azido N=N stretching and aromatic C=C stretching, respectively. These results indicate that the azidophenyl groups were successfully introduced on the PU film surface.
Azido groups are able to form covalent bonds after photo-initiation. The modified azidophenyl group easily turns to a phenyl nitrene group upon UV irradiation, during which nitrogen is eliminated from the former. The phenyl nitrene group is a highly reactive species in triplet state which forms a covalent bond with neighboring atoms. Thus upon UV irradiation, the hyperbranched nano-particles which were introduced to the PU film surface formed covalent bonds through the modified azidophenyl groups. After UV irradiation, the peak height of the N=N stretching band at 2116 cm -1 decreased, with new peaks showing up at 2887 and 1343 cm -1 ascribed to CH 2 symmetric stretching and CH 2 wagging bands of PEO, respectively. These bands correspond to the two kinds of introduced hyperbranched nano-particles. In the case of PU-DPOZ, the new peak at 1635 cm -1 was ascribed to carbonyl stretching. These IR data therefore imply the introduction of hyperbranched nano-particles on the membrane surface.
After the unreacted polymers were washed down, the immobilized polymer formed a monolayer. The amount of immobilized hyperbranched nano-particles on the PU surface can thus be determined by measuring the weight change of a film before and after immobilization. Likewise, monolayer thickness was determined by calculating the amounts and densities of nano-particles [19, 20] . Tab. 1 shows the amount of immobilized hyperbranched nano-particles on the PU surface and the thickness of the monolayers of the immobilized films. Amounts of immobilized polymers of starPEO and DPOZ were approximately 3.9 and 1.1 µg/cm 2 , respectively. On the other hand, monolayer thickness of starPEO and DPOZ was around 36 and 9 nm, respectively. The theoretical thickness of an immobilized layer can be predicted by calculating the molecular size of each hyperbranched nano-particle. Previous reports estimated that the radius of gyration of starPEO, <R g > starPEO , was c. 17.4 nm [21] . Hence, the diameter of starPEO is 34.8 nm. On the other hand, taking into account the diameter of PAMAM (4.5 nm) and the radius of gyration of linear POZ (0.45 nm), the calculated diameter of DPOZ is c. 5.42 nm [22, 23] .
As shown in Tab. 1, the theoretical thickness (d t ) is more or less equal to the experimental thickness (d). These results indicate that the immobilized hyperbranched nano-particles formed a monolayer on the film surface. Generally, a highly hydrated dynamic layer can improve blood compatibility because it suppresses protein absorption [15] . Results in Tab. 1 show that the prepared nano-particleimmobilized PU films have a hydrated dynamic layer on the film surface.
To evaluate the blood compatibility of samples, platelet adhesion studies were conducted. These are particularly important to determine blood coagulation on a synthetic polymer surface (see results in Fig. 2 and Fig. 3 ).
As shown in Fig. 2 , LDH absorptions of PU-starPEO and PU-DPO were 0.35 ± 0.04 and 0.3 ± 0.05, respectively. Platelet adhesion was lower on the hyperbranched nano-particle-immobilized PU film surfaces than on the PU control. This indicates that the immobilized hyperbranched nano-particles suppressed platelet adhesion by forming a hydrated thin layer with hydrophilic characteristics. Similar results were obtained in SEM observations of PU-starPEO and PU-DPOZ film surfaces which showed reduced platelet adhesion (Fig. 3) . Fig. 2 . Quantitative enzymatic analysis of platelet adhesion on PU control and nanoparticle-immobilized PU Mori et al. [15] stressed that a hydrated dynamic layer is critical in improving blood compatibility of PEO-grafted surfaces. Furthermore, the chain length of PEO was directly related to platelet adhesion because of the isolated volume effect and dynamic motion of water-soluble PEO chains on the surface [15, 24] . Our study revealed that, compared to the unmodified PU film, the linear chains of the immobilized starPEO and DPOZ nano-particles are long enough to form a hydrated dynamic layer. Thus, platelet adhesion is suppressed.
Although the dynamic motion of PEO chains of starPEO are restricted because of their shape, the PEO chains nevertheless formed the hydrated dynamic layer needed to suppress platelet adhesion. On the other hand, the toxicity of polycations such as polyethyleneimine and chitosans induce hemolysis in PAMAM-dendrimer-bearing surface amine groups [25, 26] . Malik et al. reported that a PAMAM concentration of above 1 mg/mL induces hemolysis. G4 PAMAM in particular causes substantial hemolysis because of several surface amine groups [27, 28] . According to Malik, the hemolytic and cytotoxic characteristics of cationic dendrimers depend on their molecular weight and the number of surface groups. In this study, however, G4 PAMAM dendrimer bound with linear POZ was used. The hydrophilic linear POZ chains formed a hydrated dynamic layer, which decreased platelet adhesion and toxicity. 
Conclusions
Blood compatibilities for the hyperbranched polymer-immobilized PU films were evaluated. The starPEO and DPOZ were covalently bound on the PU surface by using photoreactive molecules. The resulting monolayers of starPEO and DPOZ were c. 36 and 9 nm thick, respectively. Through immobilization, polymers without functional groups, such as nano-particles, can be easily attached to materials. Compared to PU control, the immobilized PU films showed increased blood compatibility. The hydrated dynamic layer formed by the immobilized layer suppressed platelet adhesion.
